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Background: LKB1 is a key signaling kinase that regulates cellular growth.
Results: The reactive aldehyde 4-hydroxynonenal (HNE) forms adducts on LKB1 that directly inhibit kinase activity.
Conclusion:Oxidative modification at Lys-97 by HNE is sufficient for inhibition of LKB1.
Significance: This work describes how a key growth suppressor protein is inactivated during states of oxidant stress.

Oxidative stress is pathogenic in a variety of diseases, but
the mechanism by which cellular signaling is affected by oxi-
dative species has yet to be fully characterized. Lipid peroxi-
dation, a secondary process that occurs during instances of
free radical production, may play an important role in mod-
ulating cellular signaling under conditions of oxidative
stress. 4-Hydroxy-trans-2-nonenal (HNE) is an electrophilic
aldehyde produced during lipid peroxidation that forms
covalent adducts on proteins, altering their activity and func-
tion. One such target, LKB1, has been reported to be inhib-
ited by HNE adduction. We tested the hypothesis that HNE
inhibits LKB1 activity through adduct formation on a specific
reactive residue of the protein. To elucidate the mechanism
of the inhibitory effect, HEK293T cells expressing LKB1 were
treated with HNE (10 �M for 1 h) and assayed for HNE-LKB1
adduct formation and changes in LKB1 kinase activity. HNE
treatment resulted in the formation of HNE-LKB1 adducts
and decreased LKB1 kinase activity by 31 � 9% (S.E.) but had
no effect on the association of LKB1 with its adaptor proteins
sterile-20-related adaptor andmouse protein 25. Mutation of
LKB1 lysine residue 97 reduced HNE adduct formation and
attenuated the effect of HNE on LKB1 activity. Taken
together, our results suggest that adduction of LKB1 Lys-97
mediates the inhibitory effect of HNE.

LKB1 was identified as the loss of function gene product in
patients with the familial cancer disorder Peutz-Jeghers syn-
drome (1) and has since been characterized as a serine/threo-
nine kinase that phosphorylates and activates the AMP-acti-

vated protein kinase (AMPK)2 and 12 other AMPK-related
kinases (2). AMPK has been shown to regulate mitochondrial
biogenesis (3) and autophagy (4) in addition to other cellular
processes that promote a net positive energetic balance. Under
basal conditions, LKB1 is localized to the nucleus where it has
limited catalytic activity. Translocation to the cytosol allows for
interaction with the pseudokinase sterile-20-related adaptor
(STRAD), thereby enhancing the cytosolic localization of LKB1
by acting as an adaptor between exportins (CRM1 and expor-
tin7) and LKB1 (5). The interaction between LKB1, STRAD,
and the scaffolding proteinmouse protein 25 (MO25) stabilizes
the heterotrimer, forming a constitutively active complex (6).
Deacetylation of LKB1 at Lys-48 by theNAD�-dependent class
III deacetylase SIRT1 promotes translocation of LKB1 to the
cytosol (7), and SIRT3 has been shown to deacetylate and acti-
vate LKB1 in the heart (8).
During states of increased oxidative stress, free radical oxy-

gen species interact with polyunsaturated fatty acids to gener-
ate lipid peroxyl radicals (9). Decomposition of lipid peroxyl
radical species by �-cleavage leads to the generation of �,�-
unsaturated aldehydes such as malondialdehyde and 4-hy-
droxy-trans-2-nonenal (HNE) (10). Accumulation of HNE has
been observed in several tissues (11–14), and because of its high
reactivity, HNE forms covalent protein adducts on cysteine,
histidine, and lysine residues through theMichael reaction and
Schiff base formation on lysine and arginine residues (15).
Adduction by HNE occurs on proteins involved in cellular sig-
naling (16–19) including LKB1. HNE adducts of LKB1 impair
downstream AMPK signaling in MCF-7 cells (20), and in car-
diac myocytes, HNE adducts of LKB1 have been reported to
promote downstream hypertrophic signaling (21). We recently
observedHNE-LKB1 adducts in hearts frommice fed a high fat,
high sucrose diet (22).
The role of lysine acetylation and deacetylation has been

studied extensively in regard to histone regulation and tran-
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scriptional effects, but emerging data suggest that non-histone
lysine modifications also play a vital role in cellular energetic
homeostasis. Lysine acetylation of non-histone proteins can
regulate cellular metabolism (23), and it has been suggested
that reversible acetylation may be an evolutionarily conserved
mechanism bywhich organisms respond to changes in nutrient
availability (24). In the cardiovascular system, deacetylation of
lysine residues on key metabolic proteins can modulate mito-
chondrial function through changes in apoptotic signaling, res-
piratory capacity, and ATP synthesis (25). In a previous study,
we observed that LKB1 acetylation occurs at several lysine res-
idues that function to regulate LKB1 localization (7). We now
test the hypothesis that inhibitory HNE adducts of LKB1 occur
at lysine residues capable of being acetylated, thereby regulat-
ing enzyme activity. We show that HNE adducts to LKB1 at
Lys-96 andLys-97 and that adduction to Lys-97, but not Lys-96,
inhibits LKB1 kinase activity.

EXPERIMENTAL PROCEDURES

Materials—HNE was obtained from Calbiochem, and
[�-32P]ATP was purchased from PerkinElmer Life Sciences.
Localization studieswere conducted using theNE-PERNuclear
and Cytoplasmic Extraction kit from Thermo Scientific (cata-
logue number 78833) according to the specifications of the
manufacturer. Purity of the cytosolic and nuclear fractions was
assessed by protein expression of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and histone H3, respectively, and
fractions with a minimum of 85% purity were used for data
analysis.
Cell Culture—Human embryonic kidney 293T (HEK293T)

cells were purchased from ATCC (Manassas, VA). The cells
were maintained at 37 °C with 5% CO2 and cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) (Invitrogen) supple-
mentedwith 25mMglucose, 110mg/liter sodiumpyruvate, 10%
fetal bovine serum, and 0.1% penicillin-streptomycin.
Antibodies—The antibody recognizing transfected glutathi-

one S-transferase (GST) was obtained from Cell Signaling
Technology. The goat polyclonal antibody recognizing HNE
and themousemonoclonal antibody recognizingGAPDHwere
both from Abcam. FLAG (M2) was from Sigma. The STRAD
antibodywas fromSantaCruzBiotechnology (S-17). Secondary
antibodies coupled to IR 680 or 800 dye were from LI-COR
Biosciences (Lincoln, NE).
Synthesis of cDNA Expression Constructs and Site-directed

Mutagenesis—The generation of the expression constructs for
GST-LKB1, His-STRAD, and FLAG-MO25 and the creation of
LKB1 lysine mutations are described in full detail in our previ-
ous work (7).
Expression of Plasmids and Protein Purification—HEK293T

cells were transiently transfected with 0.5 �g of LKB1, STRAD,
and MO25 plasmids in each well of a 6-well plate using the
Max-PEI polymer (Polysciences, Inc.). 18 h post-transfection,
the cells were used for experimentation.
Western Blot Analysis—Cells were rinsed with cold PBS and

lysed with 1� lysis buffer (Cell Signaling Technology) contain-
ing 20mMTris-HCl (pH 7.5), 150 mMNaCl, 1 mMNa2EDTA, 1
mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM

�-glycerophosphate, 1 mM Na3VO4, 1 �g/ml leupeptin, and 1

mM PMSF. The lysates were cleared by centrifugation at 13,000
rpm for 10min. To purify GST-tagged protein, the lysates were
incubated overnight at 4 °C with glutathione-Sepharose 4B
beads (Amersham Biosciences). The purified proteins were
washed three times with lysis buffer and resuspended in Laem-
mli sample loading buffer (Bio-Rad) prior to Western blotting.
Protein samples were separated by SDS-PAGE using polyacryl-
amide gels, transferred to nitrocellulose membranes, and
immunoblotted with the indicated antibodies. The probed
membranes were visualized using the LI-COR Odyssey IR
imager and analyzed by densitometry using Odyssey 2.1
software.
LKB1 Kinase Assay—Immunoprecipitated GST-LKB1 was

washed twice with lysis buffer and once with 1� kinase assay
buffer (Cell Signaling Technology). The purified proteins were
incubated with 1� kinase assay buffer containing the LKBtide
synthetic substrate (300 �M; Millipore), ATP (200 �M), and
[�-32P]ATP (5 �Ci). After incubation at 30 °C for 20 min, the
reaction mixture was spotted on P81 phosphate paper and
washed, and radioactivity was measured by liquid scintillation
counting.
Statistical Analysis—Statistics were performed with a two-

tailed unpaired Student’s t test or analysis of variance where
appropriate. All data shown represent the results obtained from
independent experiments conducted in triplicate (or more as
noted in the figure legends), and data are expressed asmeans�
S.E. Values of p � 0.05 were considered significant.

RESULTS

HNE Forms Inhibitory Covalent Adducts on LKB1 and Inhib-
its Kinase Activity—It was reported previously that HNE con-
centrations of 40 �M form inhibitory adducts on LKB1 in neo-
natal cardiomyocytes (21). We expressed LKB1 and its binding
partners STRAD andMO25 in HEK293T cells and exposed the
cells to HNE at concentrations of 1, 2.5, 5, 10, 20, 30, and 40 �M

for 1 h. In cells expressing the LKB1 complex, HNE adducts
were readily detectable in immunoprecipitated LKB1 with
HNE concentrations of 10�M and higher (Fig. 1A), and accord-
ingly anHNEconcentration of 10�Mwas used in the remainder
of this study. To further confirm the presence of HNE-LKB1
adducts, HNE-bound proteins were immunoprecipitated, and
LKB1 was detected among the HNE-modified proteins (Fig.
1B). Coincident with the formation of HNE-LKB1 adducts,
exposure to HNE (10 �M for 1 h) caused a 31 � 9% (S.E.)
decrease in LKB1 activity as assessed with a kinase assay using
the LKBtide synthetic substrate (Fig. 1C).
HNE Adduction Does Not Interfere with LKB1-STRAD-

MO25 Complex Formation—Because LKB1 kinase activity is
greatly enhanced when LKB1 interacts with STRAD and
MO25, we tested whether HNE interferes with LKB1 complex
formation and thereby diminishes its activity. Immunoprecipi-
tation of LKB1 and subsequent immunoblotting for STRAD
and MO25 demonstrated no effect of HNE on LKB1-STRAD-
MO25 complex formation (Fig. 1D). The cellular localization of
LKB1 is also known to affect its catalytic activity (6). To deter-
mine whether HNE could affect LKB1 localization, protein
lysates from cells expressing the LKB1 complex were separated
into cytoplasmic and nuclear fractions. HNE treatment had no
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effect on the localization of LKB1, STRAD, or MO25 (Fig. 1E),
and LKB1 was observed to localize primarily in the cytoplasm
both with and without HNE (Fig. 1F). Together these data sug-
gest that the inhibitory effect of HNE is due to a direct effect on
LKB1 enzymatic function and is not related to changes in com-
plex formation or localization.
LKB1 Lysine Residues 96 and 97 Mediate HNE Adduct

Formation—Our previous work demonstrated that several
lysine residues of LKB1 can be acetylated both in vitro and in
vivo (7). Because lysine residues may possess important regula-
tory functions, we investigated whether they are targeted for
HNE adduction. We used three LKB1 mutants in which lysine
residues were mutated to arginine, a mutation that mimics the
effects of deacetylation (26) and reduces the chemical affinity of
HNE for the mutated residue. The mutants were expressed in
HEK293T cells and screened for the ability of HNE to form
covalent adducts. Mutation of lysines 96 (K96R) and 97 (K97R)

each reduced HNE adduct formation (Fig. 2, A–D). Interest-
ingly, mutation of Lys-96 and Lys-97 together (K96R/K97R)
caused a greater decrease inHNE adduct formation thanmuta-
tion of either Lys-96 or Lys-97 alone (Fig. 2, E and F). Immuno-
precipitation of HNE-bound proteins confirmed that there was
a decreased amount of HNE-LKB1 adducts in the K96R/K97R
mutant (Fig. 2, G and H).
LKB1 Lysine Residue 97Mediates the Inhibitory Effect of HNE

on LKB1 Activity—The finding that HNE adduct formation is
decreased by mutation of LKB1 lysine 96 or 97 raised the
possibility that these mutants would be resistant to the
inhibitory effect of HNE. However, the kinase activity of
the K96Rmutant was inhibited by HNE to the same extent as
wild type LKB1 (Fig. 3A). In contrast, kinase activity of the
K97R mutant was resistant to inhibition (Fig. 3B) as was the
K96R/K97R LKB1 mutant (Fig. 3C). Interestingly, the K97R
and K96R/K97R mutants, but not the K96R mutant, exhib-

FIGURE 1. HNE forms inhibitory adducts of LKB1 and inhibits kinase activity. HEK293T cells were transiently transfected with GST-LKB1, His-STRAD, and
FLAG-MO25, and GST-LKB1 was immunoprecipitated (IP) and immunoblotted with an anti-HNE antibody at the following doses of HNE: 1, 2.5, 5, 10, 20, 30, and
40 �M (n � 3) (A). B, cells treated with 10 �M HNE were immunoprecipitated for HNE-bound proteins and immunoblotted for GST-LKB1 association (n � 3). C,
LKB1 activity was assessed using the LKBtide synthetic substrate in the presence of [�-32P]ATP (n � 9; *, p � 0.01; error bars are mean � standard error). D,
immunoprecipitated GST-LKB1 was immunoblotted for protein-protein interactions of LKB1 with associated proteins STRAD and MO25 (n � 3). E, cytosolic
(Cyt) and nuclear (Nuc) fractions of cells expressing the LKB1 complex were isolated and immunoblotted for LKB1 complex proteins (n � 3). F, quantification of
LKB1 protein in cytosolic and nuclear cellular fractions, error bars are mean � standard error.
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ited an �2-fold increase in basal kinase activity as compared
with wild type LKB1.

DISCUSSION

The goal of this study was to determine the mechanism by
which HNE inhibits LKB1 kinase activity. Our major findings
are that (a) HNE inhibition of LKB1 kinase activity does not
involve disruption of LKB1 translocation or complex forma-
tion, (b) HNE forms adducts with LKB1 at Lys-96 and Lys-97,
and (c) targeted mutation of Lys-97, but not Lys-96, prevents
the inhibitory action of HNE.
The ability of HNE to form adducts with LKB1 was demon-

strated by immunoprecipitating LKB1 and immunoblotting for
HNE adducts and was confirmed by pulling down HNE-modi-
fied proteins and probing for associated LKB1. The formation

of HNE-LKB1 adducts was first observed inMCF-7 cells (20). It
was noted that Cys-210 is an evolutionarily conserved cysteine
residue among a number of serine/threonine kinases and is a
target for lipid adduction. AlthoughCys-210 appears capable of
mediating lipid adduct formation as demonstrated by loss of
the ability of reactive lipids to form adducts against LKB1 in
which Cys-210 is mutated to serine, the effects of HNE adduc-
tion on LKB1 activity and/or downstream signaling were not
determined. More recently, it was shown that HNE can adduct
to LKB1 and is associatedwith inhibition of enzyme activity and
increased hypertrophic signaling stemming from changes in
the LKB1-AMPK signaling axis (21).
We next confirmed thatHNE inhibits LKB1 enzymatic activ-

ity. We measured LKB1 kinase activity directly using the syn-
thetic substrate LKBtide, a well validated approach that we (7)

FIGURE 2. HNE adducts of LKB1 occur at Lys-96 and Lys-97. HEK293T cells were transiently transfected with plasmids encoding wild type or lysine-mutated
GST-tagged LKB1, STRAD, and MO25. A–F, Western blots of cells treated with HNE and assayed for HNE adduct formation with the quantification of HNE-LKB1
adducts (n � 3–5; error bars are mean � standard error). G and H, in cells expressing the K96R/K97R mutant, HNE-modified proteins were immunoprecipitated
(IP) with an anti-HNE antibody and immunoblotted for GST-LKB1 association (n � 3; *, p � 0.05; **, p � 0.01. Error bars are mean � standard error).
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and others (21, 27, 28) have used. Phosphorylation at Ser-428
may also be used to measure LKB1 activity as it is correlated
with increased activity and is thought tobe required forLKB1-de-
pendent functions in some cell types (29). However, phosphoryla-
tion at Ser-428 is not necessary for all kinase-dependent functions
of the protein (30). Furthermore, a novel alternative LKB1 splice
variant that lacks a portion of the C-terminal domain containing
Ser-428 but possesses catalytic activity on par with the full-length
LKB1 gene product has been identified (31).
To determine the mechanism by which HNE inhibits LKB1

activity, we first examined whether HNE interfered with LKB1
translocation or complex formation. HNE had no effect on the
translocation of LKB1 as assessed by the distribution of protein
between the nucleus and cytosol. Likewise, HNE inhibited
LKB1 activity without disruption of complex formation as

measured by the association of LKB1 with its binding partners
STRAD and MO25.
We next used site-directed mutants of LKB1 in which lysine

is mutated to arginine to test the role of specific lysine residues
in mediating the effects of HNE. Because arginine cannot be
acetylated, this mutation mimics the effect of deacetylation and
also decreases the chemical affinity of the residue forHNE.Muta-
tion of Lys-96 or Lys-97 decreased the formation of HNE adducts
to a similar degree, and mutation of Lys-96 and Lys-97 together
caused a roughly additive decrease in HNE adduction, indicating
that both Lys-96 and Lys-97 are sites of HNE adduction.
In contrast to the similar effects the K96R and K97Rmutants

have on HNE adduct formation, only the K97R mutant was
protected from inhibition by HNE. Enzyme activity was also
protected in the K96R/K97R mutant. Thus, although HNE can

FIGURE 3. HNE adduct formation at Lys-97 inhibits LKB1 kinase activity. HEK293T cells expressing WT or mutant LKB1, STRAD, and MO25 were treated with
HNE (10 �M for 1 h), and immunoprecipitated LKB1 was assayed for kinase activity. A, K96R (n � 5). B, K97R (n � 6). C, K96R/K97R (n � 6; *, p � 0.05; **, p � 0.01;
NS, not significant; one-way analysis of variance, Bonferroni’s post-test. Error bars are mean � standard error).
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adduct to both Lys-96 and Lys-97, adduct formation at Lys-97
alone is sufficient tomediate enzyme inhibition. These findings
suggest that HNE inhibits LKB1 activity via a direct post-trans-
lational modification at Lys-97. Aside from modification by
HNE, no other direct oxidative post-translational modifica-
tions of LKB1 have been described. The reactive nitrogen spe-
cies peroxynitrite (ONOO�) has been shown to regulate LKB1
activity indirectly through activity of upstreamprotein kinaseC
� in the endothelium (32).
Based on these findings, we cannot exclude other sites at

which HNE adduction occurs on the LKB1 protein. It is con-
ceivable that amino acid residues aside from Lys-96 and Lys-97
are targets of HNE. Further studies in our laboratory suggest
that theGST tag of the protein is not a target, but amino acids in
other domains of the proteinmay be targeted byHNE (data not
shown).
It is noteworthy that basal enzyme activity was increased

�2-fold in both the K97R and K96R/K97Rmutants. Lys-97 is a
known target of acetylation (7). Modification of this residue by
acetylation, methylation, SUMOylation, or ubiquitination
could potentially modulate the kinase function of LKB1. More
studies will need to be carried out to delineate the precise
mechanismbywhichmutation of Lys-97 increases LKB1 kinase
activity.
The structure of HNE contains three functional groups

(C�C double bond, C�O carbonyl group, and the hydroxyl
group) that are responsible for the high reactivity of this elec-
trophilic aldehyde (15). Although carbon 3 is the primary site of
nucleophilic attack by thiol or amine groups via the Michael
reaction, the carbonyl carbon 1 is a secondary target of primary
amines through Schiff base formation. Using synthetic poly-
amino acid model compounds, HNE was shown to chemically
react in the following order: Cys � His � Lys (33). It was noted
that this order does not implicate cysteine residues as the pre-
ferred targets of HNE. Depending on the overall quaternary
protein structure as well as the surrounding amino acid resi-
dues, the reactivity of HNE toward amine-containing amino
acids can be enhanced.
A noteworthy aspect of this study is the use of a low concen-

tration of HNE (10 �M). The concentration of HNE in human
plasma ranges from 0.3 to 0.7 �M (34) but can reach levels as
high as 10 �M under conditions of oxidative stress (35). Studies
investigating HNE-mediated changes in LKB1 signaling used
an HNE concentration of 40 �M (21), which resulted in signifi-
cant degradation of the LKB1 protein within 1 h. Pathophysio-
logical responses to HNE treatment in cardiac myocytes with
concentrations as high as 400�Mhave been reported to include
calcium overload and reactive oxygen species generation (36).
HNE has been shown to stimulate autophagy (37) and ubiqui-
tin-mediated proteasomal degradation of proteins (38, 39) and
to elicit an endoplasmic reticulum stress response in cultured
vascular smooth muscle cells (40). By using a relatively low
concentration of HNE, our findings are less likely to be con-
founded by cellular events that may be activated with higher
concentrations.
In summary, this study provides compelling evidence that

post-translational modification of LKB1 via HNE adduct for-
mation at Lys-97 is responsible for the inhibitory effect of this

lipid peroxidation by-product on kinase activity. Inhibition of
LKB1 during states of increased oxidative stress and secondary
lipid peroxidation could lead to energetic impairment and cel-
lular dysfunction.
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